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ABSTRACT
The vibrational behaviour of clamped-free slotted tubes has been investigated to determine the
influence of slot length upon their characteristic normal modes. FEM simulations were per-
formed for a series of aluminium tubes consisting of a complete cylindrical shell through a
series of cases, identical apart from having slots of different lengths but constant equal widths,
running parallel to their symmetry axes. The lower frequency region of the spectrum was domi-
nated by transverse and other flexural modes. Further classes, such as longitudinal and torsional
modes, appeared progressively as frequency increased. ESPI was utilised to view the tubes
while exciting them acoustically, providing good agreement with FEM predictions. Where
modes occurred in degenerate pairs, the splitting increased with slot length. FEM simulations
predicted a previously unreported modal form, which has been verified experimentally using
ESPI. These "modes" appeared in families, but only in cylinders with longer slots, and had
non-zero amplitudes only close to the edges of the slot.
1. INTRODUCTION
It has been proposed that straight tubes of circular cross-section, each with a single slot running
parallel to its symmetry axis, could be used in arrays to form acoustic crystals or barriers [1].
However, the only tube-like structures to have previously been thoroughly investigated are ones
that are complete or in which the slot is either very short or runs along the tube’s complete
length. The present authors have investigated the Eigenmodes of thin tubes with increasing
slot size [2] where the lower frequency range was dominated by transverse, longitudinal and
torsional modes. We now report an investigation into the normal modes of larger diameter tubes
and, in particular, the influence of slot length (at fixed width). Investigations were conducted
by means of finite-element (FEM) simulations and the results checked experimentally using
Electronic Speckle Pattern Interferometry (ESPI), and Laser Doppler Vibrometry (LDV).
Symmetry Considerations
The unslotted cylinder with clamped-free ends belongs to the symmetry group C∞v with the
same consequences for its normal modes as for any other system with this symmetry group
[3]. Thus the normal modes must occur in degenerate pairs, the angular parts of whose modal
functions are sin(mθ) and cos(mθ), where m = 0,1,2, ... The nodal patterns must consist of
2m lines, parallel to the axis and equally spaced circumferentially, and n circles parallel to the
end of the tube. Exceptions are the m = 0 cases, which are singlets. If a complete shell is
truly axisymmetric then the doublets will be exactly degenerate and the absolute locations of
the m nodal lines will be indeterminate, being fixed in practice by the initial conditions. If
the symmetry is broken by some azimuthally localised small perturbation then, according to
Rayleigh’s Principle [4], the doublets will split and the nodal lines become fixed. This happens
in such a way as to give pair members maximum and minimum frequency shifts respectively
from the original common value. With a narrow slot perturbation then it is expected that one
member would have a nodal line running through the slot and the other an antinodal line. As the
slot length is increased so would the splitting, although it is not immediately obvious whether
the frequencies would fall or rise.
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Figure 1. Vertical Cross-section through the cylindrical shells with increasing perturbation size.
2. METHODOLOGY
The structural mechanics module of Comsol Multiphysics has been employed to calculate the
vibrational modes of the four cylindrical shell systems, See Figure 1. The series of cylinders
in this study were made from 6063 Aluminium and were 0.5m long with one end being rigidly
clamped and the other free. The external and internal diameter of each shell measured 101.6mm
and 100mm respectively. The slots, when present were 10mm in width and were lengthwise
symmetrical about the mid point of the shell. The shortest slot length was 10mm and the oth-
ers had lengths of increasing size, 100mm and 480mm. Using a larger diameter cylinder than
reported previously [2], ensures that the lower frequency regime is dominated by m> 2 modes
which are of interest in this study. After describing the geometry in Comsol a mesh was gener-
ated with 106 elements, and the standard elastic constants for 6063 Aluminium were employed,
ρ = 2700kgm−3,ν = 0.32,E = 70GPa. The Eigenfrequency analysis facility was utilised to
generate a large number of frequencies and the corresponding modal forms for each shell. For
this study the vibrational modes up to 5000Hz are included. This limit was due to the difficulties
in interpreting the higher order modes, especially for the largest slot case.
ESPI was employed in order to visualize the vibrational modes of each tube for comparison to
the finite element model. The system is fully described by Moore et al. [5]. The cylinder was
mounted on a vibration-isolated optical table inside an anechoic chamber. The cylinders were
driven harmonically by a speaker placed approximately 50cm from the cylinder. A high-quality
function generator provided a sinusoidal signal, which drove the speaker.
3. RESULTS AND DISCUSSION
The frequency predictions of the FE model and corresponding ESPI modes are shown in Fig-
ure 2, where families of modes at "fixed" m are shown. The complexity of the mode shapes
increased with values of n, especially for the largest slot length case. Modal frequencies were
classified into their corresponding families by interpreting the computed mode shapes. Com-
parison between FEM and ESPI shows that, overall the agreement is very good. It is evident
to see that the longer the slot length, the greater the effect on the frequencies. For all of the
m > 2 mode families investigated a reduction in the natural frequencies occurred when a slot
was introduced into the system. The existence of a slot in a section of a cylinder is equivalent
to a reduction in the second moment of area. This leads to a reduction in the local bending stiff-
ness at that cross-section. These doublet modes all split and the nodal patterns of the members
line up with the slot’s location. Once a small slot is introduced the value of radius of gyration
becomes θ -dependent in the slotted region. Its value is reduced for all axis directions, but is
now largest about the slot and least at right angles to it.
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Figure 2. FEM vs. ESPI modes vs. n, (a) Complete shell and (b) 480mm Slot
According to Rayleigh’s principle it is at the directions of maximum and minimum values of
radius of gyration at which the normal modes will align, with one having a nodal and the other
an antinodal line there. Thus the frequencies of both doublet members will fall, but one much
more than the other. As the length of the slot is increased the new values of radius of gyration
will apply to an increasing proportion of the tube’s length so the frequencies will continue to
fall and each doublet will become increasingly split.
More interestingly an unusual modal family have been predicted by the FE simulation and
observed by ESPI, which appeared only in the presence of a slot of sufficient length (>1/3
cylinder length). The deformation was localised to the region immediately adjacent to the slot,
with no other movement being observed. Points of maximum and minimum deflection occurred
along the straight edges of the slot. Examples are given in Figure 3 e). These modes are much
more dominant in the largest slot case. As they occurred in a series with an increasing number
of nodal "circles" whose frequencies increased with "n". They occurred only in situations with
considerable symmetry breaking, it is not surprising that they were all singlets of no specific
symmetry type.
a) Unslotted Cylinder b) 10mm Hole Cylinder c) 100mm Slot Cylinder d) 480mm Slot Cylinder
1866.7Hz 1711.9Hz 1840.5Hz 1714.4Hz 1637.4Hz 1525.9Hz 1608.0Hz 1578.8Hz
e) 480mm Slot Cylinder Unusual Mode Shape
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Figure 3. Examples of Interferograms obtained by ESPI and FEM for (2,2) mode, nodes are shown in
white, dark lines represent lines of equal amplitude. The FE mode shapes show areas of max
displacement in red and min displacement (nodes) in blue.
A frequency response function for each of the cylinders was obtained using Laser Doppler
Vibrometry (LDV). The lowering in the natural frequency and splitting of the degenerate pairs
is in good agreement with that obtained by FEM and ESPI.
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